Pancreatic islet encapsulation within biosynthetic materials has had limited clinical success due to loss of islet function and cell death. As an alternative encapsulation material, a silk-based scaffold was developed to reestablish the islet microenvironment lost during cell isolation. Islets were encapsulated with ECM proteins (laminin and collagen IV) and mesenchymal stromal cells (MSCs), known to have immunomodulatory properties or to enhance islet cell graft survival and function. After a 7 day in vitro encapsulation, islets remained viable and maintained insulin secretion in response to glucose stimulation. Islets encapsulated with collagen IV, or laminin had increased insulin secretion at day 2 and day 7, respectively. A 3.2-fold synergistic improvement in islet insulin secretion was observed when islets were co-encapsulated with MSCs and ECM proteins. Furthermore, encapsulated islets had increased gene expression of functional genes; insulin I, insulin II, glucagon, somatostatin, and PDX-1, and lower expression of the de-differentiation genes cytokeratin 19 and vimentin compared to non-encapsulated cells. This work demonstrates that encapsulation in silk with both MSCs and ECM proteins enhances islet function and with further development may have potential as a suitable platform for islet delivery in vivo.
Introduction
Type 1 diabetes (T1D) is characterized as an autoimmunemediated destruction of insulin-producing b-cells within pancreatic islets, leading to insufficient regulation of blood glucose levels. Islet cell transplantation offers therapeutic potential for patients with T1D to normalize glucose metabolism and prevent the complications of the disease [1] . Despite many advances, transplantation success rates have been limited by islet cell death in the early post-transplant period, followed by a long-term decline in islet function and viability [2] . Significant challenges to islet transplantation remain, including preservation of islet cells during isolation, revascularization of islets after implantation, and prevention of inflammation and autoimmune destruction of the islet graft. An emerging therapeutic strategy involves the use of biomaterials to encapsulate islets and overcome these obstacles. Biomaterials may enhance islet function by providing a threedimensional cellular support and delivering proteins, growth factors, and immunosuppressive agents [3, 4] .
Current natural and synthetic materials for islet encapsulation have had limited success due to fibroblast overgrowth and mechanical or chemical instability. Some polymeric systems have shown reduced viability and functionality of the islet cells due to polymer biodegradation and limited permeability of the capsules [5] . Consequently, alternative encapsulation materials are needed for islet transplantation. In this study, a hydrogel based on selfassembling silk fibroin proteins from the Bombyx mori silkworm was investigated for islet encapsulation. Silk fibroin supports cell adhesion, proliferation and differentiation, and has good material properties such as biocompatibility, slow degradation rate, and strong mechanical integrity [6] . Although silk-based hydrogels have been investigated for encapsulation of a variety of cell types, they have not been used for islet encapsulation or transplantation. In the present study, silk was used to recreate the islet microenvironment necessary for long-term islet graft function.
Natural stimuli from the islet microenvironment arise from contact with ECM proteins and trophic factors secreted by the surrounding cells that promote islet survival and proliferation to maintain b-cell mass. In synthetic hydrogels, ECM proteins have been co-encapsulated with islets to restore the native microenvironment damaged during cell isolation as a way to enhance islet graft function and survival [7e10] . Moreover co-encapsulation of islets with stromal cells may replenish the nutrients and growth factors critical for islet graft maintenance. Previously, mesenchymal stromal cells (MSCs) were shown to secrete regulatory islet growth factors that are angiogenic, anti-apoptotic, and proliferationstimulating (i.e.: HGF, TGF-b1 and IL-6) [11e13]. Additionally, MSCs have immunomodulatory properties that reduce inflammatory cytokine production and suppress allo-immune responses [14, 15] . For these reasons, the co-encapsulation and transplantation of MSCs with islets can improve allograft survival and function [14, 15] .
Although the co-transplantation of islets with MSCs has been gaining traction, to date, there has not been a hydrogel platform that has co-encapsulated MSCs and islets with ECM proteins as a means to enhance graft survival. In the present study, silk hydrogels are investigated in vitro as an islet encapsulation platform to co-encapsulate islets, ECM proteins and MSCs to maintain or enhance islet function.
Methods

Silk hydrogel formation and incorporation of ECM proteins
Silk fibroin solutions were supplied by Kaplan et al. and prepared as previously described [16] . Silk self-assembly and gelation was vortex-induced by mixing 375 mL of 8 wt% silk fibroin with 625 mL of sterile water in a glass vial and vortexing for 7 min at 3200 rpm (VWR International, Radnor, PA). After phase separation, the white solid-like material was removed and the remaining silk solution was diluted 2-fold with media and allowed to gel for 2 h at 37 C. For some experiments, silk hydrogels were formed with two different ECM components, collagen type IV (Sigma, St. Louis, MO), and laminin (BD Biosciences, San Jose, CA) which were added to the silk solution after vortexing to achieve a final concentration of 100 mg/mL of silk hydrogel solution (0.7 wt% ECM protein each by mass of total hydrogel dry weight).
To determine if ECM proteins were evenly distributed throughout the gel, 15 mL silk hydrogels with laminin were formed directly onto an 8-chamber cover glass slide (Nalge International, Rochester, NY), washed 3 times with 200 mL DPBS (Mediatech, Inc. Manassas, VA) and stained in three steps: 1) blocked with 10% fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento, CA); 2) incubated with a rabbit polyclonal laminin antibody (1:200) (Abcam Inc., Cambridge, MA); and 3) incubated with an Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (1:200) (Invitrogen, Carlsbad, CA), each for 1 h, and separated with 3 DPBS washes for 5 min each. Silk hydrogels with laminin incubated only with secondary antibody served as controls. Positive samples fluoresced green with excitation and emission wavelengths of w495 nm and w635 nm, respectively.
Silk rheology
Silk hydrogel bulk material properties were determined by oscillatory rheology. Rheological experiments were performed with an Anton-Paar Physica MCR Rheometer (Ashland, VA) with a stainless steel cone and plate (25 mm diameter, 1 angle) and peltier temperature control. After the silk was vortexed (as described above) and mixed 1:1 with cRPMI media (10% FBS, 1% pen/strep), 160 mL of the final solution was added to the rheometer. A humid chamber was created around the sample by placing a layer of wet Kimwipes around the platform and placing the thermostat chamber on top. For frequency and strain sweep experiments, the measuring device was lowered to the measuring height and held for 2 h at 37 C. Storage and loss modulus measurements during frequency sweeps were completed in the oscillator mode at 1% strain, and strain sweep experiments were performed with a strain ranging from 0.1% to 100% at an angular frequency of 10 s À1 .
Animals
Fourteen-week-old BALB/c or C57Bl/6 female mice were obtained from Jackson Laboratory (Bar Harbor, ME). All animals were housed in the Stanford Blood Center animal facility and used in compliance with the Institutional Animal Care and Use Committee (IACUC). Animal manipulations were conducted using protocols approved by the IACUC. All animals were sacrificed on the day of organ harvest and islet or splenocyte isolation.
Islet isolation and culture
The islet isolation procedure was modified from Li et al. [17] , BALB/c animals were anesthetized and the abdomen opened. The pancreas was injected through the main bile duct with collagenase type V (Sigma, St Louis, MO) at 0.7 mg/mL in a perfusion solution (Cellgro-Mediatech, Inc, Herndon, VA). The distended pancreas was surgically removed and digested in a 37 C water bath for 15 min with vigorous agitation. Free islets, released from the digested pancreatic tissue were purified by centrifugation on Euro-Ficoll gradients (Mediatech, Herndon, VA), handpicked, counted, and cultured with cRPMI (10% FBS and 1% pen/strep) overnight in a humidified incubator at 37 C with 5% CO 2 .
MSC culture and characterization
Bone marrow derived MSCs from C57Bl/6 mice were provided by the Texas A&M Health Science Center College of Medicine Institute for Regenerative Medicine at Scott & White. MSCs were cultured according to supplier's recommendations in MSC media; DMEM with 10% MSC-qualified FBS (Invitrogen, Carlsbad, California), 10% Horse serum (Thermo Fisher Scientific, Waltham, MA), 1% Antibiotic/Antimycotic (Invitrogen), and 1% L-glutamine (Sigma). MSCs were characterized by the supplier before material transfer and after culturing in our facility for ability to differentiate and for surface marker phenotype expression. The ability of MSCs to differentiate into bone was verified by Alizarin red staining of mineral deposits and microscopy following reported methods [18] .
MSC phenotype was characterized with multicolor flow cytometry by immunostaining with fluorochrome-conjugated mAbs for the appropriate isotype controls or against the following surface antigens: CD11b Pacific Blue, CD29 APC/Cy7, CD34 APC, CD45 PerCP/Cy5.5, and CD106 PE/Cy7 (Biolegend, San Diego, CA); CD31 PE, and 
Cell encapsulation in the hydrogels
Islets were encapsulated in silk hydrogels w24 h after isolation. Handpicked islets were suspended in 100 mL cRPMI, pelleted at 3000 g for 5 min, and resuspended in 20 mL of silk solution that had been vortexed and diluted with cRPMI with or without ECM proteins as described above. The hydrogel suspension was incubated for 2 h at 37 C for gelation before the addition of cRPMI media. For islet coencapsulation with MSCs, MSCs were counted and added at 1000 MSCs per islet cell to the vortexed silk solution before resuspension with islets.
Islet viability and glucose stimulated insulin secretion
The viability of islets encapsulated in silk hydrogels with ECM components was assessed using fluorescence staining for cell membrane integrity and intracellular esterase activity. Islets in silk hydrogels were imaged on a glass insert in a 35 mm glass bottom microwell dish (MatTek Corporation, Ashland, MA). Islet viability was assessed after a 7 day silk hydrogel encapsulation, by staining with 1 mL of 2 mM calcein AM and 3 mM ethidium homodimer-1 from the LIVE/DEAD viability assay kit (Invitrogen, Eugene, OR) in phosphate buffer saline (PBS) for 30 min at 37 C. Viable cells with intact membranes fluoresced green by the reaction of calcein AM with intracellular esterases, and non-viable cells were stained red by the intracellular diffusion of ethidium homodimer-1 into cells with damaged membranes. Images were acquired using laser scanning confocal microscopy on a Zeiss LSM 510 META microscope (Zeiss, Germany) at the Stanford University Cell Science Imaging Facility (CSIF) (Stanford, CA). Samples with 15 islets each (approximately 11 IEQs) (n ¼ 3) were analyzed with multiple images of individual islets in the z-axis and stacked using ImageJ software (NIH, rsb.info.nih.gov/ij/). Following the wash, samples underwent a static incubation for 60 min each, with low (2.5 mM) followed by high (16.7 mM) glucose concentrations in KrebseRinger buffer. Insulin secretion was measured using a mouse insulin enzyme-linked immunosorbent assay (ELISA) kit (Mercodia, Winston-Salem, NC). Values are reported as a stimulation index (SI) (ratio of insulin secreted with high glucose (mg/L) over insulin secreted with low glucose stimulation (mg/L)). For all conditions n ! 5.
Islet RNA extraction and qRT-PCR
Analysis of mRNA levels of islet functional genes (insulin I, insulin II, glucagon, somatostatin, PDX-1) and de-differentiation genes (cytokeratin 19, vimentin, E-cadherin) were assessed with real time qRT-PCR. Total islet RNA was extracted by thoroughly pipetting the hydrogel to disrupt the gel network and using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA) with RNase-Free DNase Set (Qiagen) according to the manufacturer's recommendations for on-column treatment. Purified RNA concentration and quality was measured by the NanoDrop1000 Spectrophotometer (Thermo Scientific), and reverse transcription was carried out using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). To increase starting material, approximately 20 ng of cDNA was used for preamplification with TaqMan PreAmp Master Mix (Applied Biosystems). Gene expression was analyzed with 20 mL total volume using the ABI 7500 FAST machine (ABI, Foster City, CA) with probes from the TaqMan Gene Expression Assays with TaqMan Gene Expression Master Mix (Applied Biosystems). All assays were carried out in duplicate in 96-well format plates. For an internal control, both GAPDH and beta-actin expression remained stable in all conditions studied. The 2DDCT method [19] was used to calculate the relative gene expression using GAPDH for normalization. Changes in the target gene expression of islets encapsulated in silk with ECM proteins were expressed as fold-change from the value of non-encapsulated islets. For all conditions n ! 4.
Statistical analysis
All statistics were performed using GraphPad Prism 5 (La Jolla, CA) with a twosample T test assuming unequal variances. p-values less than 0.05 were considered significant.
Results
Incorporation of ECM proteins in silk hydrogels
Silk hydrogels were formed in the presence of two ECM proteins (collagen IV and laminin) to investigate the influence of ECM signaling on encapsulated islet cell survival and function. ECM proteins were encapsulated at 100 mg/mL of gel, based on concentrations tested in previous studies [8] . Immunostaining using a primary polyclonal laminin-specific antibody and a secondary Alexa Fluor 488 fluorescent antibody showed uniform laminin distribution throughout the hydrogel (data not shown). The distribution of collagen IV in the silk hydrogel was assumed to be comparable to laminin as previously reported [8] .
The material properties of the silk hydrogel were measured by oscillatory rheometry. As previously reported, Yucel et al. demonstrated that vortexing low-viscosity silk solutions induced formation of hydrogels with permanent, physical, intermolecular crosslinks and varying material properties [16] . At the concentration used in this study (1.5 wt% silk), the material storage modulus was w1 kPa (data not shown). The addition of ECM proteins did not significantly affect the hydrogel storage modulus as determined by both a strain and frequency sweep (data not shown).
Islet encapsulation in silk hydrogels with ECM proteins
Islets encapsulated in silk hydrogels with or without ECM proteins maintained their round morphology and threedimensional capsule up to 7 days post-encapsulation (Fig. 1A) . At 7 days, the relative quantity of viable cells per islet was assessed using LIVE/DEAD fluorescent staining and microscopy (Fig. 1B) . Islets encapsulated in silk had greater than 98% cell viability, which was significantly higher than non-encapsulated islets (Fig. 1C) (p < 0.05).
Encapsulated islet response to glucose stimulation
Islet insulin secretion in response to glucose stimulation was assessed after a 2 day and 7 day silk hydrogel encapsulation ( Fig. 2) . After 2 days, islets encapsulated in silk with and without ECM proteins had an SI greater than 1.0, and islets encapsulated with ECM proteins performed better than both non-encapsulated islets and islets encapsulated without ECM proteins ( Fig. 2A) . Islets in silk with collagen IV showed a significant improvement in SI compared to non-encapsulated islets (1.6 vs 1.2, p < 0.05). However, the SI for islets in silk without ECM proteins was lower than for nonencapsulated cells (p < 0.05). After 7 days, silk encapsulated islets with laminin showed the greatest SI at 2.0, compared to nonencapsulated islets with an SI of 1.2 (p < 0.01) (Fig. 2B) . At both time points, the SI for islets encapsulated in silk with both collagen and laminin was lower or equivalent to SI for islets in silk with either collagen or laminin alone.
Islet gene expression with ECM proteins
After a 7 day encapsulation, expression of functional genes (insulin I, insulin II, glucagon, and somatostatin) and the pancreatic and duodenal homeobox 1 (PDX-1) transcription factor were increased for all formulations of islets encapsulated in silk compared to non-encapsulated islets (Fig. 3A) . Islets in silk with both ECM proteins had significantly higher expression of both insulin genes than did islets in silk without ECM proteins (p < 0.05). There was no significant change in glucagon and somatostatin gene expression with the presence of ECM proteins. PDX-1 expression was increased 5.6-fold for islets in silk with collagen IV, 5.3-fold for islets in silk with both collagen IV and laminin, and 3.9-fold for islets in silk without ECM proteins, as compared to nonencapsulated islets (p < 0.05).
Changes in islet expression of de-differentiation genes E-cadherin (Ecad), cytokeratin 19 (Krt19), and vimentin (Vim) were analyzed by qRT-PCR after a 7 day encapsulation in silk (Fig. 3B) . Ecad expression was increased between 1.5 and 2.2-fold for all formulations of islets in silk compared to non-encapsulated islets.
Furthermore, islets in silk with laminin had a significantly lower change in Ecad expression than did islets in silk without ECM proteins (p < 0.05). For all formulations of islets in silk, both the Krt19 and Vim had lower gene expression levels than nonencapsulated islets, ranging between 0.5 and 0.8-fold.
MSC phenotype characterization and function in silk
The phenotype of the mouse bone marrow-derived MSCs was characterized by flow cytometry in our laboratory at passage 20. MSCs were positive for CD29, Sca-1, CD106, and CD34; and negative for CD11b, CD31, and CD45 (markers for macrophages, endothelial, and hematopoietic cells) (data not shown), consistent with the supplier's characterization at passage 7e8. Furthermore, MSCs were able to differentiate in vitro into osteoblast-like cells, as assessed by staining with Alizarin Red (data not shown). In a mixed lymphocyte reaction, silk encapsulated MSCs suppressed splenocyte proliferation by 78% after stimulation with anti-CD3/CD28 beads ( Fig. 4A) (p < 0.001), and by 70% after allo-stimulation ( Fig. 4B) (p < 0.0001), confirming the immunomodulatory capacity of MSCs within the hydrogel.
Co-encapsulation of MSCs improves islet function
The synergistic effects from co-encapsulation of ECM proteins and MSCs on islet insulin secretion were evaluated after 7 days. The SI for islets encapsulated in silk increased to 2.3 with the inclusion of MSCs compared to 1.4 for islets in silk alone (p ¼ 0.06) (Fig. 5) . The SI for islets encapsulated in silk with collagen IV, laminin and MSCs was 4.4, representing a 3.2-fold increase compared to islets in silk alone (p < 0.01).
Discussion
In this study, silk hydrogels were evaluated as a biomaterial to co-encapsulate ECM proteins and stromal cells to enhance islet function. Silk fibroin was formulated to have vortex-induced gelation, with the kinetics of self-assembly controllable by vortex time, assembly temperature, and protein concentration [16] . Vortexinduced silk hydrogels are a promising injectable islet delivery scaffold due to the rapid gelation time and ability to recover from shear-thinning after being injected through a needle [16] . When encapsulated in the silk hydrogel, islets maintained their morphology, viability, and glucose stimulated insulin secretion. After a 7 day in vitro encapsulation, islet shape and the physical integrity of the surrounding capsule were maintained, which has been reported to be critical for metabolic function [20] .
In a normal pancreas, islets are surrounded by an ECM capsule composed of collagen I, collagen IV, laminin, and fibronectin that binds to integrins on the islet surface to provide structural support, mediate cell adhesion, and activate intracellular signaling pathways [20, 21] . During islet isolation, vasculature and cell-matrix connections are reduced, resulting in suboptimal cell function, and ultimately graft failure [10,22e25] . For this reason two ECM proteins (collagen IV and laminin) were added to the silk scaffold to enhance encapsulated islet cell integrin signaling and to increase cell survival and insulin secretion. The addition of collagen IV and laminin did not improve viability, and had modest effects on insulin secretion in response to glucose. Islet insulin secretion was stimulated by glucose at diabetic physiological concentrations of basal (2.8 mM) and hyperglycemic (16.7 mM) levels. Encapsulated islets secreted higher concentrations of insulin when subjected to greater glucose levels with stimulation indices greater than one, and similar to previously reported in vitro cultures of islets on ECMmodified surfaces [26] and encapsulated in synthetic biomaterials [27] . At 2 days, islets in silk with collagen IV had the greatest insulin response. However, after a 7 day encapsulation, islets in silk with laminin performed better than islets with collagen IV, in agreement with previously published results [7] . The changes in islet function are likely due to integrin signaling since the addition of ECM proteins did not change the material modulus of the hydrogel as determined by rheology. Surprisingly, islets encapsulated with both laminin and collagen IV had reduced function compared to islets with a single ECM protein, contrary to the synergistic effects observed by Weber et al. [7] . The absence of enhanced synergistic islet function with both ECM proteins may be attributed to the unique properties of the silk amino acid sequence and secondary structure within the hydrogel.
qRT-PCR analysis for islet functional genes confirmed the beneficial effects of islet encapsulation in silk hydrogels with ECM proteins. Islets encapsulated in silk had increased expression of all functional genes: insulin I and II, glucagon, somatostatin, and PDX-1 compared to non-encapsulated cells, consistent with previous studies of islets cultured on ECM-modified surfaces and scaffolds [26, 28] . The increased gene expression may be attributed to the physical interactions provided by the silk three-dimensional encapsulation, resulting in integrin receptor activation. In the silk hydrogel, islets with both collagen IV and laminin showed a significant increase in b-cell insulin gene expression, but not enhanced insulin protein secretion compared to islets in silk in the absence of ECM proteins (illustrated by Figs. 3A and 2B respectively). Nevertheless, the increased islet functional gene expression suggests that the silk hydrogel may be a promising biomaterial for long-term maintenance of islet function.
Cell encapsulation in the silk-based biomaterial preserved the highly differentiated state of islet cells. E-cadherin is an adhesion molecule important for maintaining the balance between insulin [37, 38] . Importantly, silk encapsulated islets had decreased expression of both cytokeratin 19 and vimentin as compared to non-encapsulated islets, suggesting that the three-dimensional silk matrix may prevent islet de-differentiation. The silk scaffold allows for co-delivery and co-localization of secondary stromal cells. Islets co-cultured with secondary cell types, such as fibroblasts and stromal cells have increased function in vitro, and greater graft viability and longevity in vivo [14, 39, 40] . In the silk hydrogel, islets that were co-encapsulated with bone marrow derived MSCs had enhanced b-cell response to glucose stimulation compared to islets alone; suggesting the ability of MSCs to affect islet function either through cellecell contact or the secretion of soluble trophic factors in the silk. Interestingly, islet cell metabolic function was greatest when co-encapsulated with MSCs and ECM proteins in the silk hydrogels. This synergistic effect may be explained by additional trophic factors secreted by MSCs in contact with ECM proteins. Furthermore, silk encapsulated MSCs secrete immunosuppressive soluble factors that may decrease inflammation and immunogenicity as shown by the suppression of splenocyte proliferation in the mixed lymphocyte stimulation assay. Previously, MSCs have been shown to exert immunomodulatory properties on T cells by the secretion of soluble molecules such as: 2,3-dioxygenase, prostaglandin-E2, nitric oxide, and transforming growth factor-b [41, 42] . Furthermore, matrix metalloproteinases secreted by MSCs cleave CD25 from T cell surfaces, impeding activation and expansion of alloreactive T cells [14] . Further analysis both in vitro and in vivo is ongoing in our laboratory to determine the specific humoral factors secreted by MSCs coencapsulated with islets in the silk hydrogel.
Initial in vitro evaluation suggests that silk hydrogels may be a promising platform for islet encapsulation and transplantation; however, further evaluation in vivo is required to ensure that silk is a robust platform for long-term islet engraftment and function. First, the silk hydrogel material properties should be optimized to facilitate physical implantation in vivo. Second, the ideal hydrogel degradation rate should be determined for islet encapsulation. It may be beneficial to have an in vivo hydrogel that has minimal or a very slow degradation rate. Although our initial observations and previous research suggests silk is non-immunogenic [43] , further in vivo evaluations in our laboratory are addressing the formation of a fibrous capsule around the implant and the potential host immune response in animal models of T1D.
Conclusion
The work presented herein demonstrates the potential utility of silk-based hydrogels as islet encapsulation platforms for transplantation. Silk, despite being used as a biomaterial for centuries, has had minimal investigation as an islet encapsulation material. Our results demonstrate that silk hydrogels provide a permissive 3D environment for encapsulating islets in vitro, to maintain islet function and viability. Furthermore, the vortex-induced silk hydrogels allow for the co-encapsulation of extracellular-matrix proteins and secondary stromal cells, that can further enhance islet function. In addition, the versatility of the silk-based hydrogel allows for co-encapsulation of islets with other types of stromal cells, peptides, or proteins, as well as b-cells derived from other sources that may ultimately produce a functional transplantation device to treat T1D. . Islet response to glucose stimulation after a 7 day encapsulation with MSCs and ECM proteins collagen IV (C) and laminin (LM). Islet insulin secretion is given as a stimulation index, which is the ratio of insulin secreted in response to 16.7 mM glucose to insulin secreted in response to 2.5 mM glucose, after 7 days of encapsulation, mean AE SEM, for all conditions n ! 4, **p < 0.01, compared to non-encapsulated islets.
